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Abstract
A model to describe the electrode eects based on the adsorption theory is
proposed. We assume that the coverage (i.e by gas bubbles, electrodeposi-
tion of compounds, etc) of the electrodes is governed by a kinetics equation
where the adsorption term is proportional to the bulk current density, and
the desorption term to the actual coverage. The adsorption can take place
only on the uncovered part of the electrode. We show that the coverage
is responsible for a variation of the interface properties of the electrode.
The time dependence of the electric response of the cell, submitted to an
external voltage, is determined by solving the dierential equation for the
coverage. We show that two regimes are expected. One, in the limit of small
time, controlled by the charging of the surface interface, and one related to
the coverage. The theoretical predictions are in reasonable agreement with
the experimental data concerning the time dependence of the current and
the current-voltage characteristics of a home-made photo-electrolyzer consti-
tuted by a BiV O4 photoanode and a Pt cathode. Moreover, a normalized
current-voltage curve was obtained, which t also literature data based on
(i) electrolysis on cylindrical stainless-steel electrodes in NaOH electrolyte
and (ii) electrolytic plasma nitrocarburizing of AISI 1020 steel discs in an
Urea-based aqueous solution, demonstrating the versatility and broad range
of application of the here proposed model.
Keywords: Electrode eects; Electrolytic plasma; Electrode coverage;
Percolation theory; Gas-evolving vertical electrodes.
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1. Introduction
Electrode eects have been observed and theoretically analyzed by sev-
eral authors [1, 2, 3]. Starting from the pioneeristic work of Kellogg [4] it
has been observed that at a certain value of voltage between two electrodes
in an aqueous electrolyte, there is signicant deviation from the standard
electrolytic regime: the gas formed at the electrodes, for a critical value of
the potential, coalesces, forming a unique continuous gas, which acts as an
envelope around the electrodes, giving a sudden drop down in the current
at the electrodes, normally followed by a luminous discharge (glow discharge
plasma [5, 6]). This process called also electrolytic plasma process has been
widely used for practical purpose as surface treatment process for generating
oxide coatings on metals, in a similar way to anodizing, but in this case the
resulting plasma modies the structure of the oxide layer [7, 8].
To our knowledge an analytic model describing all this process is still
missing. Good reviews on the electrochemical discharges, relevant to its dis-
covery and recent applications, have been published by Gupta et al. [9] and
by Wuthrich and Bleuler [10]. In a previous paper Wuthrich and Bleuler
proposed also an interesting model for the electrode eects based on the per-
colation theory [11]. In the same way, our group recently used a percolation
approach in order to study the time variation of the photoelectric process
during bubbles generation [12]. The goal of the present work is to develop
a model for the same eect based on the adsorption phenomenon. The ad-
sorption phenomenon is supposed to be well described by a kinetic equation
similar to Langmuir's isotherm, valid in the limit of small adsorption [13].
We assume that the electrical response of the working cell can be described
by an electrical circuit formed by a bulk resistance in series with a surface
layer characterized by a resistance and a capacitance [14]. Due to the ad-
sorption phenomenon, the surface resistance and capacitance are the parallel
of the covered and uncovered parts [15]. In this framework we show that
the time dependence of the current contains two characteristics time: one
short, related to the charging of the surface layer, and one long related to
the kinetics of the coverage. The predictions of the model are validated with
experimental data concerning the time dependence of the current and the
current-voltage characteristics of a photo-electrolyzer, which is constituted
by a BiV O4 photoanode and a Pt cathode assembled in a home-designed
cell. In addition, a normalized current-voltage curve is compared with liter-
ature data based on another electrolytic applications, in order to assess the
2
versatility of the developed model.
This paper is organized as follows. In Sect. 2 the electrical response of a
simple circuit is considered, to show the divergence of the electric current in
an ideal electrochemical cell modeled as a parallel formed by a resistance and
a capacitance only. The presence of a bulk resistance on the time dependence
of the current is discussed in Sect. 3, whereas the analysis of an electric circuit
simulating a real cell is reported in Sect. 4. The inuence of the adsorption
on the covering eect is considered in Sect. 5, where the kinetic equation
used in the analysis is introduced. In this section a simple expression
for the time dependence of the covering ratio, valid when the bulk
resistance of the cell is negligible with respect to that of the naked
interface layer is deduced.. The comparison of the theoretical predictions
with the experimental data, along with the best obtained t, is presented in
Sect. 6. The nal Sect. 7 is devoted to the conclusions.
2. Electrical response of a simple circuit
Let us consider a simple cell whose electrical response to an external
excitation can be simulated by an electrical resistance Rs in parallel with a
capacitance Cs. When the circuit is submitted to a voltage V0(t), due to an
external power supply, the electric currents in the circuit is i(t) = iR(t) +
iC(t). In this relation iR(t) is the conduction current in Rs and iC(t) the
displacement current in Cs (see Fig.1a). By means of simple considerations
we get iR(t) = V0(t)=Rs and iC = CsdV0(t)=dt, and the total current in the
circuit is
i(t) =
V0(t)
Rs
+ Cs
dV0(t)
dt
: (1)
In the particular case in which V0(t) = V0 u(t), where u(t) is the step function
such that u(t < 0) = 0 and u(t > 0) = 1, taking into account that (t) =
du(t)=dt, where (t) is Dirac's function, from Eq.(1) we obtain
i(t) =
V0
Rs
u(t) + Cs V0 (t): (2)
From Eq.(2) it follows that the i(t) diverges at t = 0 and tends to a constant
value V0=Rs, as expected.
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3. Real Cell
In a real cell, in the presence of the electrode eect, the electrode is
partially covered by bubbles coming from the bulk. In this case, the electrical
response of the cell can be simulated by the circuit shown in Fig.1b: the
series of a bulk resistance Rb and a surface layer whose resistance, Rs, and
capacitance, Cs, are given by
Rs =
RcRnc
Rc +Rnc
; and Cs = Cc + Cnc; (3)
where the subscripts c and nc refer to the covered and uncovered part of
the electrode. According to (3) the eective resistance and capacitance of
the surface layer are the parallel of the surface resistances and capacitances
of the covered and uncovered parts [15]. We indicate by  the thickness of
the surface layer, c and nc the resistivity and by "c and "nc the dielectric
constant of the covered and uncovered parts. Indicating by Sc and Snc the
surface of the covered and uncovered parts we have
Rc = c

Sc
; and Rnc = nc

Snc
; (4)
for the resistances, and
Cc = "c
Sc

; and Cnc = "nc
Snc

; (5)
for the capacitances. If S is the total surface of the electrode, we have the
obvious relation S = Sc+Snc. If  = Sc=S is the coverage of the electrode due
to the deposition of the bubbles on it we have Sc = S and Snc = (1  )S,
and Eq.s(3) can be rewritten as
Rs =
R0
(1  )[1 +m=(1  )] ; (6)
Cs = C0[(1  ) + n]; (7)
where R0 = nc(=S) and C0 = "nc(S=) are the surface resistance and
capacitance of the naked electrode.The parameters m and n are dened by
m = nc=c and n = "c="nc. Since the presence of the bubbles makes the
electrode blocking, c !1, and hencem! 0. Moreover, since "nc  80"0,
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Figure 1: The electrolytic cell is modeled as a parallel formed by a resistance and a
capacitance only (a). In order to take into account the coverage eect of the electrode due
to the bubbles formation in the electric response of the cell to an electric applied voltage,
also the bulk resistance of the cell has to the considered, and the circuit has been modied
as reported in the subplot (b)
whereas "c  "0, n  1=80, and can be neglected too. Consequently, from
Eq.s (6,7) we get
Rs =
R0
1   ; and Cs = (1  )C0: (8)
It follows that the time constant of the surface layer, dened by s = RsCs =
R0C0, is a constant, independent of the coverage . We observe that in a
working cell  depends on time t, and is regulated by a kinetic equation, as
discussed in the following. However, s is time independent.
4. Analysis of the electric circuit simulating a real cell
From the discussion reported above for what concerns the electric re-
sponse the cell can be simulated by the series of Rb with the parallel (Rs; Cs).
When the cell is subjected to an external voltage V0(t) we have
V0(t) = Rbi(t) +Rs(t)iR(t); (9)
where, as above, iR(t) is the conduction current across Rs. Furthermore,
since Rs and Cs are in parallel we have RsiR(t) = Q=Cs, where Q is the
electrical charge on Cs. From this condition we get Q = RsCsiR. The total
current in the circuit is then i(t) = iR+ dQ=dt, and Eq.(9) can be rewritten,
for the discussion reported above about s, as
V0(t) =

Rb +
R0
1  (t)

iR(t) +Rbs
diR
dt
: (10)
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Supposing again that V0(t) = V0u(t), where u(t) is the step function, the
solution of Eq.(10), satisfying the initial condition iR(0) = 0 is
iR(t) =
V0
R0 +Rb
 
1  e t= ; (11)
where the eective time constant of the circuit is
 =
Rb
R0 +Rb
s < s: (12)
We observe that for t  , but small with respect to the characteristic time
related to the covering eect, iR  V0=(R0 +Rb).
The total current in the circuit is
i(t) = iR(t) + iC(t) =
V0
R0 +Rb

1 +
R0
Rb
e t=

: (13)
As expected, i(0) = V0=Rb, whereas i(0
+) = V0=(R0 +Rb), where, as before,
0+ is a time small on the scale of the covering eect, but large with respect
to  . We will write in the following Eq.(13) as
i(t) =
V0
Rb +Rs(t)
(t); (14)
where (t) = 1 + (R0=Rb)e
 t= , and Rs(t) = R0=[1   (t)]. For t  0+ the
current in the circuit is given by
i(t) =
V0
Rb + fR0=[1  (t)]g : (15)
This means that for t 0+ the time dependence of the current depends only
on the kinetics at the electrode, controlling the deposition of the bubbles on
it.
5. Kinetic equation for the covering eect
In a working electrotytic cell the coverage is related to the electric charges
that during the deposition produce bubbles of gas on the surface. These
bubbles change the properties regulating the exchange of charge from the bulk
and the external circuit, and hence the electrical properties of the interface
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bulk-electrode [15]. We assume that the kinetic of the formation of bubble
on the electrode is described by
d
dt
= A(1  )j   b; (16)
where  = Sc=S is the coverage. According to Eq.(16) the bubble adsorp-
tion can take place only on the uncovered part, and it is proportional to the
current density j. As usual, the desorption term is proportional to the sur-
face density of adsorbed bubbles, and hence to the actual coverage . It is
assumed independent of the current density, as proposed in [16, 17]. Kinetic
equation (16) is a version of Langmuir's adsorption isotherm [13], discussed
in [18]. It diers from the standard Langmuir's kinetics equation
[19, 20] because the adsorption term is not proportional to the bulk den-
sity of adsorbable particles just in front to the electrode, but to the current
density at the electrode, that is seems more reasonable in the problem under
consideration. The parameters A and b represent the adsorption coecient
and the desorption time, respectively. Rewriting Eq.(14) as
j =
i
S
=
V0
rb + fr0=[1  (t)]g (t); (17)
where rb = RbS and r0 = R0S, Eq.(16) takes the form
d
dt
= a
(1  )2
r0 + rb(1  )   b; (18)
where a = AV0. The time dependence of  versus t is obtained by integrating
Eq.(18). We get Z (t)
0
r0 + rb(1  u)
a(1  u)2   bu[r0 + rb(1  u)]du = t; (19)
from which t = t() is obtained. Inverting this equation the time dependence
of the coverage is determined. We observe that, as it follows from Eq.(18),
d=dt! 0 for  ! M given by
M =
b(r0 + rb) + 2a 
p
b[4ar0 + b(r0 + rb)2]
2(a+ brb)
: (20)
The coverage is a monotonic function of t, such that (0) = 0 and limt!1 (t) =
M .
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Figure 2: The covering ratio (t) is represented, as dened by Eq.(19), for dierent values
of the ratio rb=r0: rb = 2r0 (blue dotted line), rb = r0 (red dashed line), rb = r0=5 (green
dash-dot line) and rb = 0 (balk solid line).
In the particular case where r0  rb Eq.(18) is well approximated by
d
dt
= a
(1  )2
r0
  b: (21)
From Eq.(21) we obtain for the coverage
(t) =
p
4a2 + b2r20   br0
2a
tanh
(p
4a2 + b2r20   br0
2a
t+ arctanh
 
br0p
4a2 + b2r20
!)
:
(22)
By means of Eq.(22) the time dependence of the electric current across the
cell is easily determined. Of course, the validity of Eq.(22) is limited to the
case where the bulk resistance of the cell is negligible with respect to that of
the naked interface layer.
In Fig.2 we show the covering ratio (t) given by Eq.(19) for
r0 = 1:5
m2, a = 12  10 3
m2=s and b = 4:5  10 3s 1, typical
of the system considered by us, as discussed in the following, and
for rb = 2r0, rb = r0, rb = r0=5 and rb = 0, that corresponds to the
case described by Eq.(22). As it is evident from Fig.2, increasing
rb, the eective relaxation time for the covering ratio increases, as
expected.
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Figure 3: Experimental set-up: Water photo-electrolysis reaction scheme (a). The elec-
trolytic cell (b). FESEM image (c) and XRD analysis (d) showing the BiV O4 morphology
and crystal structure.
6. Comparison with experimental results
6.1. Description of the experimental set-up and measurements
The electrical response of an electrochemical cell for the water photo-
electrolysis reaction (see Fig.3a) was characterized, in order to use the ex-
perimental data for the validation of the here proposed model. In a photo-
electrolyzer, water is splitted into its components, i.e. oxygen and hydrogen,
mainly using solar energy. A compact home-designed case similar to the one
reported in our previous works [21, 22] was used for the experiments, in order
to minimize the distance between the electrodes (about 6 mm) thus reducing
the ohmic drop in the cell (see Fig.3b).
BiV O4 is a highly studied semiconductor for the sun-driven water split-
ting due to its ability to exploits the visible part of the solar spectra having
a low band gap (of about 2:4 eV), its low-cost and abundance of its compo-
nents, and its good chemical stability, among others. Thus, a BiV O4 lm
deposited into a FTO-covered glass (7
=sq, Solaronix) was used for the
photo-electrolysis experiments. The so called BiV O4/FTO was prepared
through a metal-organic decomposition (MOD) method [23] with the proce-
dure described elsewhere [12]. In brief, two solutions of Bi(NO3)3:5H2O in
glacial acetic acid (0:2M) and OV (C5H7O2)2 in acetylacetone (0:04M) were
mixed in a 1 : 1 mole ratio of Bi=V and homogenized on an ultrasound bath
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for 30min. The nal solution was spin coated on the FTO-glass substrate
(3 3 cm2) at 500 rpm for 10 s, then dried in a hot plate at 150C for 5 min
and subsequently annealed in an oven at 400C for 10min. Six layers were
coated following such procedure, followed by a nal calcination at 400C for
2 h in calm air. The BiV O4 morphology (Fig. 3c) was analyzed by means of
a MERLIN ZEISS eld-emission scanning microscope (FESEM) in top view,
evidencing the well sintered BiV O4 nanocrystals of about 85 to 160 nm.
The crystalline structure of the photo-anode was analyzed using a PANalyt-
ical X'Pert Xray diractometer in the Bragg-Brentano conguration, using
CuK monochromatic radiation as the X-ray source, with a characteristic
wavelength of  = 1:54059A. The XRD analysis (Fig. 3d) conrmed the
monoclinic scheelite-like crystalline phase of the BiV O4 electrode (X'Pert
HighScore Reference Pattern No. 01-075-1866), which is the most active
phase of BiV O4 for the photo-catalytic water oxidation reaction [24, 25]. A
Pt thin lm was deposited into another FTO-covered glass by sputtering
with a Quorum Q150TES instrument at 30mA for 30 s [12]. The so called
Pt=FTO was used as counter, reference and cathodic electrode, while the
BiV O4=FTO was employed as working and anodic photo-electrode.
The experiments were made at ambient temperature using a two-electrodes
conguration as shown in Fig. 3a, in a sodium phosphate buer (0:1M,
pH = 7) electrolyte solution. Amperometric (j; t) curves were recorded ap-
plying dierent voltages (V0 between 1:8 and 2:5V) for 5min, after feeding
the reaction chamber with new electrolytic solution, in order to remove all
previously formed bubbles from the electrodes surface. The (j; t) curves
were recorded under back-side illumination with AM1:5G simulated sun-
light spectra at 100mW=cm2 of irradiation, by employing a class A solar
simulator.
6.2. Fitting of experimental results
In order to set the parameters of Eq.(17) which better approximate the
experimental results, it can be useful to study the behavior of the curve j(t)
in some particular limits. First of all from the experimental data it can be
extracted the value of j(0). From Eq.(17) we have:
j(0) =
V0
rb
; (23)
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Figure 4: Current density vs. time at dierent applied potentials (vs. Pt) in the case of
the water photo-electrolysis on the BiV O4 electrode under AM1:5G simulated sunlight
(100mW=cm2). The lines represent the tting functions as dened by Eq.(17).
and then the value rb can be easily estimated. Then, it is possible to approx-
imately dene a value j(0+) as
j(0+) =
V0
rb + r0
; (24)
which can be estimated by taking the intersection in t = 0 of the tangent
to the experimental curve j(t) in the origin, supposing to disregard the di-
vergence of the current density in the limit t ! 0. This point denes the
approximate value of r0.
Supposing t   in Eq.(17), so that (t) ! 0, and deriving in time, we
obtain
dj
dt
=  V0 r0
[(1  )rb + r0]2
d
dt
: (25)
Using Eq.(16) and considering that (0) = 0, we get
d
dt

0
= Aj(0); (26)
and then combining this equation with Eq.(25) we obtain
dj
dt

0
=   V
2
0
(rb + r0)
3 r0A; (27)
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which denes the value of the adsorption coecient, A.
Finally, from the asymptotic value of the curve in the limit t!1, where
 ! M , again from Eq.(17) and Eq.(20) we deduce
jM =   V0
rb +
r0
1 M
 ; (28)
which sets the remaining free parameter b.
It is then possible to rene the values of these parameters by applying a
standard process of best tting. Note that it is not always possible to invert
the result of the integration of Eq.(19) and nd an explicit form of j(t). If
the case, the tting process is performed directly on the inverse function t(j).
We have then proceeded to nd the tting parameters in the case of the
water photo-electrolysis on the BiV O4 electrode, nding the results shown
in Fig.4. Since we have in principle 5 free parameters (r0, rb, a, b, ) for
each curve (varying with the external applied voltage), we imposed some
additional constrains in order to limit the degrees of freedom of the problem.
In particular we imposed a linear dependence on the external applied voltage
of the adsorption parameter a and of the desorption time b and a constant
value for the characteristic time  = 4:7 s (this short characteristic time
has an inuence only in the very rst part of the density current curve).
Additionally, we have supposed the existence of a threshold in the eect of
the applied external potential V0, as if its eect was diminished by a constant
value V 00 = 0:75V . We found a posteriori a well dened behavior of the two
resistances r0 and rb as a function of V0, as evident from Fig.5. This allows to
do some hypothesis on the functions that link these quantities to the applied
voltage. We found a very well approximation by stating:
r0 =
1
(V0   Vd)1 ; (29)
r=
2
(V0   Vd)2 : (30)
By knowing the continuous value of the parameters as a function of V0 it
is possible, by combining Eqs.(20) and (28), to give the dependence of the
asymptotic value from the applied voltage. Following [11] we normalize this
curve in order to obtain the normalized current-voltage characteristic which
is a universal curve, independent of the geometry and electrolyte parameters.
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Figure 5: Best t parameters in the case of the water photo-electrolysis on the BiV O4
electrode, reported in Fig.4.
This is possible by dening the two normalized quantity as follows [11]:
J = j
jcrit
; (31)
V = V0   Vd
Vcrit   Vd ; (32)
where jcrit is the maximum value reached in the current density curve and
Vcrit is the corresponding value of the potential. The value of Vd in our case is
set by Eqs.(29) and (30), in [11] represents the sum of the electrode potentials
and depends on the electrolyte and electrodes.
The prediction of our model is shown in Fig.6 by the continuous blue line.
The red circles are the experimental data presented by Wuthrich and Bleuler
in [11], for the electrolysis on stainless steel cylindrical electrodes in NaOH
electrolyte; the black squares are taken from Fig.1 in [26], which regard the
electrolytic plasma nitrocarburizing of carbon steel discs in an aqueous solu-
tion of urea and sodium carbonate. All the data and have been normalized as
described in Eqs.(31) and (32). The blue diamonds are the values obtained in
our experiments. Our model captures three dierent regimes: the rst linear
part (conventional electrolysis), followed by a saturation region and then a
third part in which a dramatic decrease of the current density is observed
(Kellogg region), in good agreement with dierent sets of experimental data
and observation [11, 26] (also called in literature electrode eects, electro-
chemical discharges or glow discharge electrolysis [10]). In [11] these three
13
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Figure 6: Normalized current{voltage characteristics. Comparison between the experi-
mental results obtained by [11] (red circles), by [26] in their Fig.1 and here normalized
(black squares) and by us in the case of the water photo-electrolysis on the BiV O4 elec-
trode (blue diamonds). The continuous blue line represents our model prediction (blue
line).
phases are explained by resorting to critical eects in the framework of the
percolation theory. In this model the authors describe the electrode as a lat-
tice in which the bubbles formed during electrolysis can adhere to the sites.
Two neighboring bubbles on the lattice can form a cluster and eventually
detach from the surface. Large bubbles formation increases the resistance
between the electrodes. It is known from the percolation theory that when
the probability of a lattice site to be occupied reaches a critical value (then
the electrode is shield by a critical layer of bubbles) then there is the tran-
sition to a new phase in which the clusters coalescence in a unique innite
cluster. This phase corresponds to the formation of a gas lm covering al-
most the whole electrode surface, causing a dramatic decrease of the current
density in the circuit. In a recent paper [12], using a percolation model, the
progress to the innite cluster is described by two dierent type regimes seen
as a slope change of the tangent to the current versus time graphic at the
moment corresponding to the percolation threshold. Whereas in the adsorp-
tion model the unique innite cluster is achieved in a smooth manner, in the
percolation model there could be more clusters that overpass the threshold,
leading to a description of several large bubbles that can eventually detach
from the electrode.
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7. Conclusions
We have proposed a model for the electrode eects based on the adsorp-
tion mechanism. It has been assumed that the electric response of a working
electrochemical cell is well described by a simple circuit formed by a bulk
resistance in series with a surface layer characterized by a resistance in par-
allel with a condenser due to the properties of the liquid-electrode interphase.
During the formation of the bubbles on the electrode, the electrical proper-
ties of the interface change. In particular, the formation of bubbles has been
modeled by a kinetic equation at the interface, where the adsorption term,
supposed proportional to the current density, describes the formation of the
bubbles on the electrode, whereas the desorbing term takes into account
the detachment of the bubbles from it. By means of the kinetic equation
at the electrode, the time dependence of the electric current across photo-
electrolytic cell based on a BiV O4 photoanode was evaluated, as well as its
dependence on the applied voltage. The comparison of the current-voltage
characteristic predicted by our model is in good agreement with the exper-
imental results here reported for the photo-electrolysis, and reported in the
literature for both electrolysis [11] and electrolytic plasma nitrocarburizing
of carbon steel electrodes [26], which demonstrate the broad range of appli-
cations for which the here presented model could be used.
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